The diamond-like carbon films (DLC films) depositing on the Poly (ethylene terephthalate) (PET) surface are obtained by plasmaenhanced chemical vapor deposition (PECVD), and the working gases are acetylene and argon gas. Surface morphology and the internal structure of DLC films are investigated by using Raman and FESEM, and the barrier properties of PET films which have been deposited the DLC films are tested in this paper. The results show that the deposition process parameters have an important effect on structure and performance of DLC films. It is shown that the diamond-like carbon films prepared by PECVD system are an amorphous carbon films which mixed with sp3 bond and sp2 bond. The best oxygen barrier property and water vapor barrier property of PET films are increased by 11 times and 12 times, respectively, in which the / ratio of the DLC film is nearly 0.76, and the sp3 content is about 40%.
Introduction
Poly(ethylene terephthalate) (PET) is a thermoplastic polymer resin of the polyester family and is used in synthetic fibers; beverage, food, and other liquid containers; thermoforming applications; and engineering resins often in combination with glass fiber. PET bottles are widely used in drinks, fruit juices, medicines, and food packaging. However, PET material has the poor barrier properties compared with metal containers and glass containers. The life time of products with the PET container would be shorten due to the poor barrier properties, so many products cannot be packaged by PET container, for example, beer. In order to get a higher barrier property, the most widely adopted practice is to use aluminum foil or other composite material as functional barrier materials. However, the aluminum foil packaging material needs lots of energy consumption in the production process. The shortcoming is contrary to people's growing pursuit of environmental protection requirements, so people have been looking for the environment-friendly packaging materials.
Depositing a layer of the diamond-like carbon films (DLC films) on PET by plasma-enhanced chemical vapor deposition method is a new technology to improve PET barrier properties [1, 2] . The DLC film is a kind of amorphous carbon films, and its network structure constitutes by sp3 and sp2 hybridized carbon atoms. Comparing with other packaging materials such as metals and silicon oxide composite materials, the DLC films is a new packaging barrier material which has a high atom density [3] this new amorphous carbon film has the advantage of optical transparency, gas barrier properties, environmental friendly, and mechanical strength. Due to the excellent performance of the DLC films, it has been widespread concerned all over the world, especially in the packaging materials field. The DLC films depositing on the substrate surface are generally obtained by using the plasma-enhanced chemical vapor deposition (PECVD) technology. In the PECVD technology, the deposition time, the radio-frequency power (RF power), the gas flow rate, and Ar fraction have an impact on the DLC films [4] [5] [6] .
The research on DLC films are involved in many aspects because of its good performance. The barrier properties and the influence of different film-forming process on the barrier properties of DLC films are studied by many researchers [7] [8] [9] [10] [11] [12] . Meanwhile, some researchers have taken much attention on study the DLC films-formation technology [13] [14] [15] [16] . In Figure 1 : PECVD schematic diagram 1,2-regulators cans; 3,4,5-flow meter; 6-mixing chamber; 7-RF power; 8-vacuum pump; 9-C 2 H 2 and Ar-mixed plasma gas; 10-upper plate; 11-sample; 12-lower plate.
addition to the studying on DLC films-forming technology and the impact on the barrier properties, more research works focus on the DLC films surface morphology and internal structure. Atomic force microscope (AFM) and scanning electron microscopy (SEM) are used to observe the surface morphology of the deposited film, and laser Raman spectroscopy (Raman), Fourier transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) are used to characterize the composition and bonding structure of deposited films. In the literatures [17] [18] [19] [20] the authors used different analytical methods to characterize the DLC films and structure.
In this paper, the diamond-like carbon films (DLC films) depositing on the Poly (ethylene terephthalate) (PET) surface are obtained by using the plasma-enhanced chemical vapor deposition (PECVD) technology to improve its barrier properties. The oxygen barrier property and water vapor barrier property of PET films are tested by VAC-V2 Gas Permeability Tester and W330 water vapor permeability tester. The surface morphology of DLC films is observed by using the Field Emission Scanning Electron Microscope (FESEM). The internal structure of DLC films are analyzed by using the laser Raman spectroscopy (Raman).
Experiment

Sample Preparation.
The substrate material is PET, and its thickness is 0.1 mm. DLC films deposited by plasmaenhanced chemical vapor deposition (PECVD), and the schematic diagram of PECVD is shown in Figure 1 . The gas sources through a mixing vessel are a mixture of C 2 H 2 and Ar, and different gas concentration ratio is adjusted according to various gas partial pressures. The different deposition process parameters are shown in Table 1 .
Analysis Methods.
The microstructure composition of DLC films are characterized by using LabRam HR laser Raman spectroscopy (Raman) and laser scanning area is 1000∼2000 cm −1 . The surface morphology of DLC films are observed by using SIRION type field emission scanning electron microscope (FESEM). 
Barrier Properties Test Methods.
The barrier properties of PET films include oxygen barrier property and water vapor penetration.
The oxygen barrier property is tested by VAC-V2 Gas Permeability Tester, and the unit for gas permeability is cm 3 /m 2 ⋅24 h⋅0.1 MPa. The water vapor penetration is tested by W330 water vapor permeability tester, and the unit for water vapor permeability is g/m 2 ⋅24 h. Figure 2 shows the FESEM micrographs of the DLC films on PET. The DLC films deposited at the condition of the RF power 600 W, Ar : C 2 H 2 = 1 : 2, deposition time 60 s, and gas flow 40 sccm. Figure 2 shows that the whole surface of prepared DLC films has a smooth, compact, and uniform microstructure. Also there are few pinholes in the DLC films, which may be caused by insufficient deposition time. Therefore, the uniform microstructure of DLC films is a great help to improve the barrier properties of PET substrate.
Results and Discussion
Surface Morphology Analysis (FESEM).
Structure Analysis (Raman).
Raman spectrum is commonly used in analyzing molecular structure, which is an effective analytical method to analyze DLC films structure.
As we all know, diamond first-order Raman spectra contains a sharp peak at 1332 cm −1 , while polycrystalline graphite firstorder Raman spectra has two sharp peaks at 1580 cm −1 and 1358 cm −1 , respectively. The Raman spectra of disordered graphite shows two quite sharp modes, the peak around 1580∼1600 cm −1 and the peak around 1350 cm −1 . peak corresponds to sp2 lamellae clusters structure, which derives from the stretching vibration of the C-C bond in the graphite structure, and this is E 2g mode. peak corresponds to the structure of disordered graphite boundaries which derives from stretching vibration of a graphite structure called A 1g mode [21, 22] . The unusual fact is that and peaks, of varying intensity, position, and width, continue to dominate the Raman spectra of nanocrystalline and amorphous carbons, even those without widespread graphitic ordering. The key Advances in Materials Science and Engineering property of interest in DLC films is the sp3 content. Raman spectroscopy is a valuable method to obtain sp3 content for as-deposited a-C:H, and the sp3 content of DLC films can be deduced from Raman spectroscopy [23] . Figure 3 shows the Raman spectrum of the DLC films on PET. The DLC films deposited at the RF power 300 W, Ar : C 2 H 2 = 1 : 2, deposition time 60 s, and gas flow 40 sccm. Figure 3 shows that there are two distinct peaks in the 1100-1700 cm −1 range, the peak of DLC films at 1360 cm −1 , and the peak of DLC films at 1615 cm −1 . The areas of and peak in the Raman spectrum are corresponding to peak intensity and , respectively [24] . So the ratio of / is nearly 0.76 according to the Raman spectrum data. The / ratios of DLC films which prepared on different process conditions are shown in Table 2 . Figure 4 shows the sample's oxygen permeability and water vapor permeability curves under different / ratios. Figure 4 shows that the smaller the / ratio is, the higher the barrier properties of DLC films are. The reason is that when the / ratio decreases, the content of sp3 bond in the DLC films increases. Since the sp3 bond is the representative of diamond-like structure, the increasing of sp3 content means the increasing of the content of diamondlike structure in the DLC films, so the barrier properties have been enhanced. When the / ratio is more than 0.8∼0.9, the barrier properties of DLC films are improved slowly; while the / ratio is less than 0.8∼0.9, the barrier properties of DLC films are improved rapidly. The physical properties of carbon materials are strong dependent on the ratio of sp2 (graphite-like) to sp3 (diamond-like) bonds. Then according to the literature [23] , the sp3 content is nearly 0.4 when the ratio of / is nearly 0.76. Therefore the barrier properties have been greatly improved when the sp3 content increases.
From the results of Raman spectrum, we can conclude that the DLC films has been deposited on the surface of PET film, its structure fall within the range between that of diamond and graphite. The DLC films are an amorphous carbon films which mixed with sp3 bond and sp2 bond.
Barrier Properties Analysis. Samples have been prepared
under different conditions, and their oxygen permeability and water vapor permeability experimental test results are shown in Table 3 . From Table 3 , we can see that the condition of sample 2 is a group of optimal experimental conditions. Thus the best oxygen barrier property and water vapor barrier property of PET films are increased by 11 times and 12 times, respectively, when the DLC films deposited at the RF power 600 W, Ar : C 2 H 2 = 1 : 2, deposition time 30 s and gas flow 30 sccm, in which the / ratio of the DLC film is nearly 0.76, and the sp3 content is about 40%. Figure 5 shows that the Ar/C 2 H 2 ratio has an effect on the oxygen permeability and water vapor permeability of DLC films. From the Figure 5 we can see that, with the increase of Ar/C 2 H 2 ratio, the oxygen and water vapor permeation increase. When the Ar/C 2 H 2 ratio is 1/2, the two gas permeations reach the minimum value. On the one hand, the more the Ar content is, the more the collision probability of particles and electron is, the higher the energy of particles is. High particle energy allows the sp3 bond to shift to the stable sp2 bond [25] . Since the sp3 bond is the representative of diamond-like structure, the decreasing of sp3 content means the decreasing of the content of diamondlike structure in the DLC films, so the barrier properties deteriorate. On the other hand, the more the C 2 H 2 content is, the more the reactive groups in the reaction atmosphere are, the higher the growth rate of DLC films is, the better the barrier properties are. Figure 6 shows that the deposition time has an effect on the oxygen permeability and water vapor permeability of DLC films. From Figure 6 , we can see that, with the increase of deposition time, the oxygen and water vapor permeation decrease first and then begin to increase, but there are significant differences in the degree of change. When the deposition time is less than 30 s, the gas permeations are decreased rapidly. When the deposition time is more than 30 s, the permeations are increased smoothly. When the deposition time is 30 s, the two gas permeations reach the minimum value. The more the deposition time is, the more the amount of amorphous carbon materials is, the higher the barrier properties are. However, with a further increase of the deposition time, the surface temperature of the film is increased, and it allows the sp3 bond to shift to sp2 bond [25] . Meanwhile the thickness of PET substrate only has 0.1 mm, with the continue increase of deposition time, it will destroy the PET substrate which leads to reducing the sample's barrier properties. Figure 7 shows that the RF power has an effect on the oxygen permeability and water vapor permeability of DLC films. From Figure 7 we can see that, with the increase of RF power, the oxygen and water vapor permeation decrease first and then begin to increase the changes are all obvious. When the RF power is 600 W, the two gas permeations reach the minimum value. In the initial period, the higher the RF power is, the higher the growth rate of DLC films is, the more the amount of amorphous carbon materials is, the better the barrier properties are. However, with a further increase of RF power, the energy of particles increases which improves its ability of bombarding on the substrate; this allows the surface temperature of the film increases and the sp3 bond to shift to sp2 bond [25] . The decreasing of sp3 content means the decreasing of the content of diamond-like structure in the DLC films, so the barrier properties deteriorate.
Conclusion
In this paper, the DLC films deposited on the PET surface by PECVD technology are successfully obtained. Through observing and analyzing the process parameters, surface and internal structures of the DLC films, we can obtain the following conclusions.
(1) Take C 2 H 2 as a carbon source, Ar as a diluent gas; a layer of DLC films with excellent barrier properties can deposit on the surface of PET film by using the PECVD technology.
(2) Surface morphology and the internal structure of DLC films are investigated by using Raman and FESEM. The surface and internal structures of DLC films are closely related to deposition process parameters. The results show that the diamond-like carbon films prepared by PECVD system are an amorphous carbon films which mixed with sp3 bond and sp2 bond. The smaller the / ratio is, the more the sp3 content is, the higher the barrier properties of DLC films are. show that the deposition process parameters have an important effect on structure and performance of DLC films. Compared with untreated PET film, the barrier properties of the treated PET are improved obviously. The best oxygen barrier property and water vapor barrier property of PET films are increased by 11 times and 12 times, respectively, when the DLC films deposited at the RF power 600 W, Ar : C 2 H 2 = 1 : 2, deposition time 30 s, and gas flow 30 sccm, in which the / ratio of the DLC film is nearly 0.76, and the sp3 content is about 40%.
